Background: Adverse postnatal health effects have been associated with compromised fetal growth, which makes it essential to understand its determinants. Significant effects of environmental pollutants on birth outcomes have been observed in our study population, and nutritional status may be an additional factor influencing fetal development and effects of environmental toxins. Objective: The objective of the study was to examine the relations between birth outcomes and lipid-soluble plasma micronutrient concentrations and to explore interactions between micronutrients and environmental pollutant exposure in newborns in Krakow, Poland. Design: In this prospective cohort study, retinol, ␣-tocopherol, and carotenoids were measured in maternal and cord blood samples obtained at delivery (251 maternal-newborn pairs), and birth weight, birth length, head circumference (HC), and gestational age were evaluated. Linear regression analysis was used to estimate the effects of micronutrients while covariates were controlled for. Interaction terms assessed whether the effects of polycyclic aromatic hydrocarbons (PAHs), common environmental pollutants, varied by nutrient status. Results: Infants whose mothers had low plasma ␣-tocopherol concentrations (below the median) weighed 92.9 g less and had 0.41-cm smaller HCs than did infants whose mothers had high ␣-tocopherol concentrations. Infants with low plasma retinol (below the median) weighed 125.9 g less and had 0.31-cm smaller HCs. There was no evidence of an interaction between PAHs and micronutrients, although power was limited. Conclusion: Maternal ␣-tocopherol and cord retinol concentrations were significantly and positively associated with BW and HC. These micronutrients may have direct effects or may be markers for other underlying determinants of these pregnancy outcomes.
INTRODUCTION
Birth weight is associated with infant mortality (1) and cognitive development (2) , and reduced fetal growth may be related to risk of diseases later in life (3) . Therefore, identifying the dietary and other environmental factors involved in determining fetal size is of public health importance. In a study of pregnant women and their newborns from Krakow, Poland, we investigated whether circulating concentrations of several lipid-soluble micronutrients were associated with fetal growth. Few studies have examined the effects of micronutrient status on birth outcomes in pregnant women from developed countries where malnutrition is infrequent. In a relatively well-nourished population, it may be that fetal growth is affected by an imbalance of nutrients more often than by a true deficiency (4) . The existing evidence is inconclusive concerning the association between maternal or fetal nutrient status and birth outcomes.
The current study is part of ongoing research evaluating the effects of environmental pollutants, including polycyclic aromatic hydrocarbons (PAHs) and environmental tobacco smoke (ETS), on fetal growth. In this study we analyzed a panel of lipid-soluble micronutrients in cord and maternal blood and examined whether maternal or cord blood concentrations of retinol (vitamin A), ␣-tocopherol (vitamin E), and several carotenoids were associated with gestational age (GA), birth weight (BW), birth length (BL), and head circumference (HC). We further tested whether the effects of PAHs could be altered by micronutrient status. Given that nutritional status is modifiable through improved dietary intake or supplementation, this knowledge could potentially positively affect birth outcomes.
SUBJECTS AND METHODS

Enrollment
This study is part of an ongoing, longitudinal investigation of the health effects of prenatal exposure to outdoor and indoor air pollution on infants and children in Krakow, Poland (5) . The ethics committee of the Jagiellonian University approved the study. Women attending prenatal healthcare clinics in the first and second trimesters of pregnancy were eligible. Only nonsmoking women with singleton pregnancies who were 18 -35 y of age and free of chronic diseases were enrolled. Women were excluded from the study if they had a history of illicit drug use, an incomplete or unreliable record for determining gestational age, a history of occupational exposure to developmental toxicants (including coke oven, chemical, or rubber workers; workers in environments with dust, fumes, or solvents; toll collectors; and bus, tram, and taxi drivers), diabetes, or hypertension. Eligible women were given a full description of the study and the requirements for participation and were then invited to participate in the study. Informed consent was obtained from all participants. A detailed questionnaire was administered to study participants on entry into the study and during the third trimester to obtain information on demographic and household characteristics, date of last menstrual period (LMP), medical and reproductive history, occupational hazards, alcohol consumption, and smoking habits of other persons present in the home. After the participants gave birth, maternal and infant hospital records were reviewed to obtain data on the pregnancy and delivery. BW, BL, HC, GA, and Apgar score at 1 and 5 min were recorded. GA obtained from the infant's medical record was estimated on the basis of the LMP. We previously reported a high degree of reliability between this GA estimate and independently derived LMP-and sonogram-based GA estimates (6) . Full enrollment into the study required participants to complete prenatal monitoring and interviews and to provide a blood sample (maternal blood, cord blood, or both).
Personal ambient air monitoring
The 48-h personal air monitoring was undertaken during the second trimester of pregnancy. The women wore small backpacks holding personal ambient air monitors during the daytime hours for 2 consecutive days and kept the monitors near their beds at night to determine their inhalation exposure to PAHs. The backpack was designed so that the sampling inlet was positioned in the woman's breathing zone. Pumps operated continuously at 2 L/min to collect semivolatile vapors and aerosols on a polyurethane foam cartridge. During the morning of the second day, the air monitoring staff person and interviewer visited the woman's home to change the battery pack and administer a full questionnaire. The polyurethane foam cartridges were analyzed at Southwest Research Institute for concentrations of pyrene and 8 carcinogenic PAHs: (benz(a)anthracene, chrysene/iso-chrysene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, indeno(1,2,3-cd)pyrene, dibenz(a,h)anthracene, and benzo-(g,h,i)perylene), as previously described (7) .
Biological sample collection
In the operating room after delivery, a cord blood sample was collected from the umbilical cord vein immediately after the umbilical cord was cut. A venous blood sample was obtained from each woman within 1 d of delivery. Plasma was separated at the Jagiellonian University Clinical Laboratory in Krakow (supervised by Danuta Fedak), stored at Ҁ70°C, and then shipped to Columbia University in New York City.
Micronutrient analyses
Plasma concentrations of micronutrients were measured in maternal and cord blood samples at the Centers for Disease Control and Prevention Nutrition Laboratory by using isocratic HPLC and multiwavelength detection. The method involved minor modifications of a published method (8) . Briefly, a 100-L aliquot of plasma precipitated with a mixture of 2 internal standards (nonapreno-␤-carotene and retinyl butyrate) dissolved in ethanol was extracted, dried, redissolved in equal parts ethanol and acetonitrile, and filtered to remove any insoluble material. An aliquot of the filtrate was injected onto a C 18 reversed-phase column (Phenomenex Ultracarb 4.6 ҂ 150 mm; 3 m particle size; Phenomenex, Torrance, CA) maintained at 25°C and eluted with 50%:50% ethanol in acetonitrile for Ȃ15 min. Micronutrient quantitation was accomplished by comparing the peak height or area of the analyte in the plasma extract with the peak height or area of a known amount of standard in a calibrator solution. Calculations were corrected based on the peak height or peak area of an internal standard. Vitamins A and E were compared with retinyl butyrate at 325 and 300 nm, respectively. Carotenoids were compared with nonapreno-␤-carotene at 450 nm.
Statistical analyses
SPSS (version 11.5) for WINDOWS (SPSS Inc, Chicago, IL) was used for the calculation of descriptive statistics and correlation coefficients and for linear regression analysis. Statistical significance was set at a P value 0.05. Women whose cotinine values were ͧ25 ng/mL were excluded to eliminate active smokers from the analysis. Subjects were included if both maternal and cord blood micronutrient values were available. Women who completed 37 wk of gestation and newborns with major birth defects were excluded from the analyses, which resulted in a final sample of 251 mother-newborn pairs. Nondetectable values were included in the analyses as half the limit of detection (LOD/2). Overall, 220 of the 251 mother-newborn pairs included at least one nondetectable micronutrient value. However, in the case of retinol and ␣-tocopherol, none of the subjects included in the analyses had nondetectable values. Nonparametric statistics were used because of the distributional properties of the micronutrients. The Kolmogorov-Smirnov test assessing the normality of the data generally rejected the assumption of normality. To be consistent we therefore used nonparametric methods throughout. Means and SDs for micronutrient concentrations in paired maternal and cord blood samples were determined and compared by paired Wilcoxon's signed-rank test. Spearman correlations between micronutrient concentrations in paired maternal and cord blood samples and between individual micronutrients within a blood sample were determined.
We used multiple linear regression to assess the associations of micronutrients and GA, BW, BL, and HC. Each micronutrient variable was dichotomized into high or low categories on the basis of median maternal or cord plasma concentrations of the micronutrient. The carotenoid variable was computed as the average of the plasma ␤-carotene, ␣-carotene, ␤-cryptoxanthin, lutein/zeaxanthin, and lycopene concentrations. Sex of the newborn and maternal education, prepregnancy weight, height, and parity were included as covariates in all analyses. GA was included as a covariate in models with BW, BL, or HC as dependent variables, and cesarean delivery was included in models with HC. BW, BL, HC, and GA were natural log (ln) transformed to provide a better fit to the data or to approximate the normal distribution and stabilize the variance. The skewed distribution of measures of size at birth was due to the eligibility criteria of the study (which precluded enrollment of women with risk factors for preterm birth or low birth weight) and the exclusion of infants with short gestation (37 wk) from our analysis. Interactions between maternal and cord blood micronutrient concentrations were also tested by including an interaction term in the regression models. Finally, a variable for total PAHs (defined as the sum of the air concentrations of the 8 carcinogenic PAHs measured from personal air samples and dichotomized at the median) was included.
RESULTS
Description of the sample
Characteristics of the women and newborns enrolled in the study are shown in Table 1 . The mean age for mothers included in the analysis was 28 y. On average, the mothers were 165 cm tall and weighed 58 kg before pregnancy. The mean BW, BL, HC, and GA of the newborns were 3485 g, 54.8 cm, 34.0 cm, and 39.6 wk, respectively. Women included in the analysis were not significantly different from women who were not included with respect to all demographic characteristics except alcohol consumption, age, and prenatal PAH exposure; subjects included in the analysis had values for these 3 variables that were significantly higher than those of the persons not included.
Concentrations of micronutrients in maternal and cord blood
Mean maternal and cord plasma concentrations of the micronutrients for paired samples are presented in Table 2 . The mean concentrations of all micronutrients were significantly higher (P 0.001) in maternal plasma than in cord plasma. Cord plasma concentrations were 55% of maternal concentrations for retinol, 19% for ␣-tocopherol, and between 6% and 19% for the carotenoids. Inadequate vitamin A and E status were uncommon in this population; only 3.98% of the women had retinol concentrations 20 g/dL, and 1.99% had ␣-tocopherol concentrations 500 g/dL, which indicated below normal plasma concentrations for these micronutrients (9, 10).
Micronutrient correlations
By Spearman's rank test, maternal and cord blood micronutrient concentrations were significantly correlated (P 0.05) for ␣-tocopherol, retinol, and the carotenoids. The maternal-cord correlations for ␣-tocopherol (r ҃ 0.19, P ҃ 0.02) and retinol (r ҃ 0.13, P ҃ 0.038) were relatively weak, whereas a moderate correlation was observed for the carotenoids (r ҃ 0.52, P 0.001). Similarly, there were statistically significant correlations for maternal (r retinol-␣-tocopherol ҃ 0.15, P 0.02; r carotenoids-retinol ҃ 0.15, P 0.02; r carotenoids-␣-tocopherol ҃ 0.44, P 0.001) and cord (r retinol-␣-tocopherol ҃ 0.27, P 0.001; r carotenoids-␣-tocopherol ҃ 0.65, 2 Subjects had both maternal and cord blood micronutrient concentration data, had a cotinine concentration 25 ng/mL, had a gestational age ͧ37 wk, and their children had no major malformations.
3 Subjects either did not have micronutrients analyzed, had a cotinine concentration ͧ25 ng/mL, had a gestational age 37 wk, or had a child with a major malformation. Twenty-one newborns who were delivered preterm were excluded from the study population. 4 x Ȁ SD (all such values). 5 Significantly different from those included in the analysis P 0.05 (Wilcoxon's rank-sum test, 2-tailed). 6 Significantly different from those included in the analysis, P 0.05 (Fisher's exact test, 2-tailed). 7 n ҃ 243. 8 n ҃ 84. 9 Defined as a weight 2500 g.
P 0.001) micronutrients; however, none were highly correlated. Because there were no highly correlated variables and, therefore, no evidence of multicollinearity, we included the variables together in the following regression models.
Regression analysis: relation of maternal and cord micronutrient concentrations to birth outcomes
Multiple linear regression models were used to assess the relation of these lipid-soluble micronutrients to birth outcomes with adjustment for confounders and covariates. None of the micronutrients under study was significantly associated with GA. The influence of retinol, ␣-tocopherol, and carotenoids on BW, BL, and HC was examined, after adjustment for covariates. With each micronutrient in a separate model, we found that the carotenoid variable was not significantly associated with any of the birth outcomes; therefore, it was not included in the final models. The full models that included both retinol and ␣-tocopherol along with other covariates are shown in Table 3 and Table 4 . Results for separate models with the covariates and either retinol or ␣-tocopherol were similar to those for the vitamins combined in one model; therefore, we only presented the combined models here. Birth outcomes were log (ln) transformed to approximate the normal distribution, and retinol and ␣-tocopherol were dichotomized at the median. Results from the analyses with dichotomous micronutrients are presented here because they are less influenced by extreme, outlying values; however, when the micronutrients were treated as continuous variables, all results were in the same direction.
These models showed that maternal ␣-tocopherol was significantly positively associated with ln HC (␤ ҃ 0.012, P ҃ 0.01) and borderline significantly associated with ln BW (␤ ҃ 0.025, P ҃ 0.06). This translates into BWs and HCs that were on average 92.9 g and 0.41 cm lower, respectively, in the group with low maternal ␣-tocopherol (␣-tocopherol below median) than in those with the high ␣-tocopherol group. Cord retinol was positively associated with ln BW (␤ ҃ 0.036, P 0.01) and ln HC (␤ ҃ 0.009, P ҃ 0.04). On average, the BW was 125.9 g lower and the HC was 0.31 cm smaller in the low-retinol group (retinol below the median) than in the high-retinol group.
The model including both maternal and cord retinol and ␣-tocopherol is shown in Table 5 . The results are generally consistent with the individual nutrient models, which suggests that control for maternal retinol and ␣-tocopherol does not significantly alter the relation between cord micronutrients and birth outcomes and vice versa. We previously reported that exposure to PAHs had a significant, negative association with BW, BL, and HC in this cohort (6) . However, in this smaller sample, the 1 All values are x Ȁ SD; 5th-95th percentile range in parentheses. 2 Significantly different from maternal plasma concentration, P 0.001 (Wilcoxon's signed-rank test).
TABLE 3
Multiple linear regression models testing associations of maternal plasma retinol and ␣-tocopherol concentrations and body weight (BW), birth length (BL), and head circumference (HC) (n ҃ 251) association between PAHs and birth outcomes was not significant. Post hoc power analysis was carried out to determine the difference in birth outcomes we would have been likely to detect, given this sample size and observed SD. There was a probability of 0.95 that the test would be significant if the true differences in birth outcome between low-exposed and high-exposed groups were large (ie, 160 g for BW, 0.99 cm for BL, and 0.56 cm for HC). However, the power of the study was far lower (ie, 0.50) if the true differences in birth outcomes were small (ie, 68.75 g for BW, 0.48 cm for BL, and 0.21 cm for HC). There was no evidence that these micronutrients modify the association between PAH exposure and birth outcomes in this analysis; the interaction terms (PAH ҂ each maternal and cord micronutrient)
were not statistically significant for any birth outcomes. However, our power was very limited to detect the interactions.
DISCUSSION
This study provides evidence of an association between maternal and fetal nutrition and birth outcomes. Our regression analyses suggest that higher maternal concentrations of ␣-tocopherol and cord retinol are associated with greater BW and HC. Although statistically significant, the correlations of maternal and cord micronutrients were relatively weak. Compared with cord micronutrient concentrations, maternal concentrations were significantly higher, as other studies have shown (11) (12) (13) (14) (15) (16) (17) (18) , 
TABLE 5
Multiple linear regression models testing associations of maternal and cord plasma retinol and ␣-tocopherol micronutrient concentrations and body weight (BW), birth length (BL), and head circumference (HC) (n ҃ 251) 1 Analysis by multiple linear regression with adjustment for covariates shown in the table: sex, maternal prepregnancy weight, maternal height, parity, gestational age, and cesarean delivery (for HC only).
2 Dichotomized by using the median value of the micronutrient in maternal or cord plasma samples. The maternal retinol variable was coded as 1 ҃ all values 37.2 g/dL (high) and 0 ҃ all values ͨ37.2 g/dL (low). The cord retinol variable was coded as 1 ҃ all values 20.9 g/dL (high) and 0 ҃ all values ͨ20.9 g/dL (low).
3 Dichotomized by using the median value of the micronutrient in maternal or cord plasma samples. The maternal ␣-tocopherol variable was coded as 1 ҃ all values 1631.35 g/dL (high) and 0 ҃ all values ͨ1631.35 g/dL (low). The cord ␣-tocopherol variable was coded as 1 ҃ all values 273.6 g/dL (high) and 0 ҃ all values ͨ273.6 g/dL (low).
4 0 ҃ male, 1 ҃ female.
and maternal and cord nutrient concentrations were differently related to birth outcomes, which may reflect the limited placental transfer of these lipid-soluble micronutrients (19) . Although we observed greater birth size with higher concentrations of retinol and ␣-tocopherol at the ranges in this study, it is important to note that very high micronutrient levels, particularly for vitamin A, have been shown to be associated with toxicity (20) . Other studies relating retinol and ␣-tocopherol with birth outcomes in well-nourished populations have produced inconclusive results. Some studies in healthy women have found no evidence of an association between maternal retinol or ␣-tocopherol and birth outcomes (13, (21) (22) (23) , whereas others have (24 -26) . Several features of the current study distinguish it from existing literature, including its analysis of several micronutrients in both cord and maternal plasma and its ability to control for potential confounding variables. The prospective design and relatively large sample size are additional strengths. Although many studies use dietary data to assess maternal nutritional status, we incorporated nutritional biomarkers, thereby minimizing problems associated with obtaining accurate information.
Several studies have concluded that cord retinol concentrations are positively associated with birth outcomes (13, 16, 27, 28) . Our models also showed a consistently positive, significant association for cord retinol and BW, and suggested a negative relation between maternal retinol and BW. A similar negative association was reported in a study that measured nutrients in maternal blood samples at 16 and 28 wk of gestation (24) . Although these findings may reflect a direct negative relation, it is possible that they indicate a condition such as low plasma volume expansion.
In our analyses of plasma ␣-tocopherol, we observed statistically significant associations with birth outcomes for maternal but not cord blood concentrations. The explanation for the different relations for retinol and ␣-tocopherol is unclear; however, the metabolism and placental transfer of these micronutrients are different, and while maternal concentrations of ␣-tocopherol increase during pregnancy, retinol concentrations decrease (18) . A small number of studies have examined the relation of birth outcomes and ␣-tocopherol in maternal-newborn pairs and have shown different results. Dison et al (13) concluded that maternal ␣-tocopherol is not significantly correlated with BW, whereas a significant, negative relation exists between cord ␣-tocopherol and BW. However, unlike our multivariate analysis, the study by Dison et al used a correlation analysis and did not control for potential confounding variables. On the other hand, a small study by von Mandach et al (29) compared vitamin E concentrations of maternal-newborn pairs between a group with normal pregnancies and those with low-birthweight infants. Consistent with our results, vitamin E concentrations in women with low-birth-weight babies were significantly lower than those with normal pregnancies, whereas cord blood concentrations were not significantly different.
Although little research involving analysis of ␣-tocopherol in pairs of mothers and newborns is available, studies examining cord or maternal vitamin E alone have been conducted. Other studies have similarly not observed a significant association between cord ␣-tocopherol and birth outcomes (28, 30) . Interestingly, Ghebremeskel et al (28) examined several micronutrients in cord blood and, consistent with our results, determined that whereas cord blood vitamin A was significantly associated with birth outcomes, cord vitamin E was not. Whereas some studies have found no evidence of a significant association between maternal ␣-tocopherol and birth outcomes (21, 22, 24) , others have suggested a relation similar to that seen in our study (25, 26, 31) . A study of 1200 pregnant women concluded that maternal plasma ␣-tocopherol concentrations at study entry and at week 28 of gestation were associated with increased BW (26) . Another study that measured intakes of multiple micronutrients determined that maternal vitamin E intake had a significant, positive association with BW after control for relevant covariates (25) . Finally, an examination of maternal serum vitamins E and C showed a positive trend between maternal vitamin E and birth outcomes, but the association was not significant (31) .
The results of our analyses showed an association between individual lipid-soluble micronutrients (␣-tocopherol and retinol) and birth outcomes (BW and HC). The mechanisms by which these micronutrients might affect fetal growth are not well understood; however, it is known that vitamin A (retinol) plays an important role in cell proliferation and differentiation in embryonic development (32) . Through interactions with nuclear receptors, retinoic acid, the biologically active form of vitamin A, can alter gene transcription (19) . Therefore, we hypothesized that vitamin A affects the birthoutcome measures included in this study. We had also hypothesized that carotenoids could affect fetal growth, because several (eg, ␣-carotene, ␤-carotene, and ␤-cryptoxanthin) are precursors to retinol (33); however, we did not observe an association between these compounds and birth outcomes. Additionally, vitamin A, the carotenoids, and vitamin E possess antioxidant activity and protect tissues and cells by reacting with oxygen free radicals (14) . Animal studies have shown that reactive oxygen species and oxidative stress are associated with poor fetal growth (34, 35) , and evidence from studies of pregnant women suggests that oxidative stress plays a role in low birth weight (36, 37) . Compounds with antioxidant activity may help to protect the developing fetus and could therefore play a role in fetal growth and development. For vitamin E, a further suggested mechanism relates to the ability of vitamin E to increase vasodilation through its influence on prostacyclin release, which leads to increased blood flow to the fetus (26) . Increased blood flow and nutrient supply could affect birth outcomes and may explain a relation between vitamin E and fetal growth. However, in addition to these potential mechanisms, it is also important to consider that these micronutrients may be markers for another underlying factor, even another dietary factor, affecting birth outcomes. These findings may import to development and health in later life because it has been shown that low birth weights, even those within the normal range (ͧ2500 g), are associated with poor outcomes (1, 3) .
Exploration of the factors that influence interindividual susceptibility to environmental exposures, such as nutrition, is an important area of research. It was our original hypothesis that nutritional status would modify the association between environmental pollutants and birth outcomes. We hypothesized that this interaction may be related to the ability of these lipid-soluble micronutrients to detoxify PAHs. It has been shown that metabolites of PAHs can generate reactive oxygen species and are associated with oxidative DNA damage (38 -41) . Because vitamins A and E and carotenoids have antioxidant activity and can interact with reactive oxygen species, these micronutrients may be able to offset the fetal toxicity of PAHs. However, in the present study we found no evidence that vitamin A or E status modifies the association between PAH exposure and birth outcomes, probably because the small sample size limited our power. In the future, this issue should be pursued further in a larger sample to enable the detection of this potential interaction. The results of the current analysis, however, suggest that retinol
